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ORIGINAL ARTICLE 

Periostin cooperates with mutant p53 to mediate invasion through 
the induction of STAT1 signaling in the esophageal tumor 
microenvironment 

GS Wong 1 ' 2 ' 3 , J-S Lee 4 , Y-Y Park 4 , AJ Klein-Szanto 5 , TJ Waldron 1 ' 2 ' 3 , E Cukierman 5 , M Herlyn 6 , P Gimotty 3 ' 7 , H Nakagawa 1 ' 2 ' 3 
and AK Rustgi 1 ' 2 ' 3 ' 8 

Periostin (POSTN), a matricellular protein, has been reported to be important in supporting tumor cell dissemination. However, the 
molecular mechanisms underlying POSTN function within the tumor microenvironment are poorly understood. In this study, we 
observe that the inducible knockdown of POSTN decreases esophageal squamous cell carcinoma (ESCC) tumor growth in vivo and 
demonstrate that POSTN cooperates with a conformational missense p53 mutation to enhance invasion. Pathway analyses reveal 
that invasive esophageal cells expressing POSTN and p53 R175H mutation display activation of signal transducer and activator of 
transcription 1 (STAT1) target genes, suggesting that the induction of STAT1 and STAT1 -related genes could foster a permissive 
microenvironment that facilitates invasion of esophageal epithelial cells into the extracellular matrix. Genetic knockdown of STAT1 
in transformed esophageal epithelial cells underscores the importance of STAT1 in promoting invasion. Furthermore, we find that 
STAT1 is activated in ESCC xenograft tumors, but this activation is attenuated with inducible knockdown of POSTN in ESCC tumors. 
Overall, these results highlight the novel molecular mechanisms supporting the capacity of POSTN in mediating tumor invasion 
during ESCC development and have implications of therapeutic strategies targeting the tumor microenvironment. 
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INTRODUCTION 

Esophageal cancer comprises two subtypes: esophageal adeno- 
carcinoma and esophageal squamous cell carcinoma (ESCC). ESCC 
is an aggressive gastrointestinal cancer that is the predominant 
subtype accounting for the majority of cases in many countries in 
Asia and Africa. 1,2 Due to a lack of early symptoms, patients with 
ESCC are often diagnosed at advanced stages of the disease, and 
clinical outcomes remain dismal. Common risk factors associated 
with ESCC are smoking tobacco, excessive alcohol use, aromatic 
hydrocarbons in smoked foods and particular nutritional 
deficiencies. 1 The development of ESCC is a multi-step process, 
and selective genetic alterations have been identified. For 
example, aberrant expression of epidermal growth factor 
receptor (EGFR) and cyclin D1, activation of human telomerase, 
inactivation of p16 lnk4a and pi 20 catenin and somatic mutations in 
the DNA-binding domain (DBD) of the p53 tumor-suppressor gene 
all have been found to be involved in the initiation and 
progression of ESCC. 3 EGFR and cyclin D1 overexpression 
correlate with squamous dysplasia or neoplastic lesions, which 
are early events in tumor initiation, 4 whereas inactivation of 
p16 lnk4a and pi 20 catenin and mutations in p53 have been 
associated with later stages of ESCC progression 2 



The majority of human cancers harbor missense mutations in 
TP53, which not only lead to loss of wild-type p53 transcriptional 
activity but also an accumulation of mutant p53 protein with gain- 
of-function activities. 5 These missense mutations tend to occur in 
the DBD of TP53 and result in the loss of wild-type p53 function. 
Missense mutations in p53 fall into two broad categories known as 
'DNA-contact mutants' or 'DNA conformational mutants' based on 
their effect on the thermodynamic stability of p53 protein. 6 
DNA-contact mutants such as R273H and R248Q have mutations 
in residues that are involved in DNA binding, whereas DNA- 
conformational mutants such as R175H, R248W and V143A cause 
global conformation distortions in the DBD. 6 Mutant p53 has been 
shown to drive a repertoire of target genes that, in turn, regulate a 
plethora of biological processes such as inhibition of apoptosis, 
cell migration and invasion. 7 Common hotspot mutations such as 
p53 R175H and p53 R273H found in human cancers have been 
genetically engineered into mouse models, respectively, 
corresponding to p53 R172H and p53 R270H mice. 8 p53 R172H and 
p53 R270H heterozygous mice not only develop osteosarcomas and 
carcinomas but also display a metastatic phenotype similar to p53 
heterozygous mice. 8 ' 9 In fact, R175H, R248W and R273H confer a 
selective growth advantage to increasingly malignant ESCC. 10 



division of Gastroenterology, University of Pennsylvania Perelman School of Medicine, Philadelphia, PA, USA; department of Medicine, University of Pennsylvania Perelman 
School of Medicine, Philadelphia, PA, USA; 3 Abramson Cancer Center, University of Pennsylvania, Philadelphia, PA, USA; department of Systems Biology, MD Anderson Cancer 
Center, Houston, TX, USA; departments of Pathology and Cancer Biology, Fox Chase Cancer Center, Philadelphia, PA, USA; 6 Wistar Institute, Philadelphia, PA, USA; division of 
Biostatistics, Center for Clinical Epidemiology and Biostatistics, University of Pennsylvania, Philadelphia, PA, USA and department of Genetics, University of Pennsylvania, 
Philadelphia, PA, USA. Correspondence: Dr AK Rustgi, Department of Medicine and Genetics, University of Pennsylvania, 421 Curie Boulevard, 900 BRB, 
Philadelphia, PA 19104, USA. 
E-mail: anil2@mail.med.upenn.edu 

Received 31 March 2013; revised 26 April 2013; accepted 8 May 2013 



Periostin and tumor invasion 
GS Wong et al 



During tumor progression, acquisition of oncogenic and tumor- 
suppressor mutations cause cancer cells to activate adjacent 
stromal components and induce the release of cytokines, growth 
factors and extracellular matrix (ECM) proteins into the tumor 
stroma to create a microenvironment permissive for growth 
and dissemination. 11,12 Recent studies have highlighted the 
contribution of a subset of ECM proteins known as matricellular 
proteins to potentiate pro-tumorigenic cell-ECM interactions 
within the tumor microenvironment. 13-15 This group of proteins 
is expressed dynamically and is highly elevated during 
embryonic development but yet shows minimal activity in 
adult tissues. Matricellular proteins characteristically function 
as non-structural ECM proteins which modulate cell regulatory 
pathways mediated by downstream effectors such as 
integrins or growth factor receptors and promote cell-matrix 
interactions. 13 Wound injury, tissue remodeling, inflammation, 
cancer and other chronic diseases induce the re-expression of 
these proteins. 16 Important members of this family include 
tenascin C, osteopontin and periostin (POSTN). In addition, 
dysregulation of their expression is observed in many solid 
tumors as well as in sera and is often correlated with poorer 
prognosis and outcomes in cancer patients, thus implicating 
the importance of their contributions towards cancer 
progression. 17,18 

Previously, we identified POSTN as a key microenvironmental 
mediator of ESCC invasion using an organotypic 3D culture system 
to examine transformed and genetically engineered esophageal 
cells. 19 POSTN is a secreted 90kDa protein that was identified 
originally as a cell adhesion molecule responsible for recruitment 
and attachment of pre-osteoblasts to the periosteum. 20 POSTN is a 
transforming growth factor-beta-inducible protein that has an 
N-terminal signal peptide sequence, a cysteine-rich Emilin domain, 
four internal homologous repeats and a hydrophilic C-terminal 
domain. 21 Its four internal repeat domains share structural 
homology with Fasciclin 1, an insect neuronal cell adhesion 
protein, and (3ig-h3, a transforming growth factor-beta-inducible 
gene 21 The molecular mechanisms underlying POSTN capacity for 
tumor cell invasion in the microenvironment remain to be 
elucidated. In this study, using genetic and pharmacological 
approaches, we find that POSTN cooperates with mutant p53 to 
support invasion of transformed esophageal cells into the matrix. 
Bioinformatic network analyses identified the signal transducer 
and activator of transcription 1 (STAT1) signaling network as a 
putative pathway induced by POSTN expression in a mutant p53 
background, which was validated by expression studies. Moreover, 
genetic knockdown of STAT1 in invasive and transformed, 
genetically engineered esophageal cells (EPC-hTERT-EGFR- 
p53 R175H ) attenuated invasion into the microenvironment. In 
addition, and importantly, we noted STAT1 activation in ESCC 
xenograft tumors that was diminished when genetic knockdown 
of POSTN was induced, hence highlighting the importance of 
POSTN in the pathogenesis of ESCC. 

RESULTS 

Inducible knockdown of POSTN in ESCC tumors lead to decreased 
tumor growth and invasion 

Given that high POSTN expression has been associated with poor 
patient survival outcomes in ESCC, 22 we postulated that POSTN 
has a key role in promoting ESCC development. Indeed, in 
immunocompromised mice bearing tumor xenografts of two 
independent ESCC cell lines (TE11 and HCE4) that were stably 
transfected with a tetracycline-inducible shRNA targeted to 
POSTN, we observed that inducible ablation of POSTN 
expression and deposition in the stroma after initial 
establishment of these xenograft tumors (Figures 1a and b) led 
to decreased tumor growth and invasion as well as a decrease in 
proliferation (Figures 1c and d; Supplementary Figures S1a and 



S1b), indicating that POSTN contributes functionally in facilitating 
tumor growth and invasion in ESCC. 

POSTN cooperates with mutant p53 R175H to promote invasion into 
the mesenchymal ECM 

As we have identified POSTN expression to be upregulated in 
transformed, genetically engineered esophageal cells with 
p53 R175H mutation and overexpressing EGFR (EPC-hTERT-EGFR- 
p53 R175H ), both common genetic alterations in ESCC, we 
hypothesized that the invasive capabilities of POSTN are mediated 
by either of these genetic alterations. To test this premise, we 
retrovirally overexpressed POSTN in non-invasive immortalized 
esophageal cells (EPC-hTERT) singularly expressing each of these 
genetic alterations (EPC-hTERT-EGFR-zeo and EPC-hTERT-p53 R175H ) 
(Figure 2a). Interestingly, while POSTN overexpression in 
EPC-hTERT-EGFR-zeo cells revealed no increase in invasion 
in Transwell Boyden invasion assays compared with its empty 
vector control cell line (EPC-hTERT-EGFR-zeo-neo), a 2-fold 
increase in invasion was observed when POSTN was over- 
expressed in EPC-hTERT-p53 R175H cells compared with its respec- 
tive empty vector control cell line (EPC-hTERT-p53 R175H -neo) 
(Figure 2b). We observed the same pattern of invasion when 
EPC-hTERT-EGFR-POSTN and EPC-hTERT-p53 R175H -POSTN cells, 
together with their respective empty vector control cell lines, 
when grown in a 3D organotypic culture system (Figure 2c). 
Invasion of the epithelium into the underlying mesenchymal ECM 
showed a 2.1 fold increase in EPC-hTERT-p53 R175H -POSTN cells 
compared with its respective empty vector control whereas EPC- 
hTERT-EGFR-POSTN cells showed minimal differences. Similar 
findings were observed using an additional set of independently 
generated cell lines (data not shown). In parallel studies, EPC- 
hTERT-EGFR-zeo and EPC-hTERT-p53 R175H cells were grown in 
organotypic culture and increasing doses of recombinant POSTN 
was added to these cultures. We observed no differences in 
invasion when recombinant POSTN was added to EPC-hTERT- 
EGFR-zeo cultures but there was a noteworthy increase in invasion 
when increasing concentrations of recombinant POSTN were 
added to EPC-hTERT-p53 R175H cells (Supplementary Figure S2). 
Interestingly, mutant p53 alone is seen to be more invasive 
compared with overexpression of EGFR alone, suggesting that 
POSTN may act to augment this invasion. Collectively, these data 
suggest that POSTN cooperates with mutant p53 R175H to enhance 
invasion of esophageal cells into the underlying stromal ECM. 

Restoration of wild-type p53 signaling decreases POSTN 
expression and invasion into ECM 

As p53 missense mutations fell into two broad categories of either 
conformational or DNA-binding mutants that each might lead to 
the acquisition of differing gain-of-function phenotypes, 23 we next 
wanted to explore whether the ability of POSTN to promote 
invasion is dependent upon the conformation of mutant p53 as 
observed with p53 R175H or on its DNA-contact-binding abilities. 
We chose to employ complementary genetic and pharmacological 
approaches to investigate this function. First, we retrovirally 
overexpressed POSTN in EPC-hTERT cells stably expressing 
different p53 point mutations, DNA-contact mutant p53 R273H 
(EPC-hTERT-p53 R273H -POSTN) and in a temperature-sensitive 
conformational mutant, p53 vl43A (EPC-hTERT-p53 vl43A -POSTN). 
The latter conditional mutant expresses p53 vl43A at 37 °C and 
induces wild-type p53 tertiary conformation and transcriptional 
activity at 32 °C. The levels of POSTN expression and secretion 
along with levels induced by empty vector controls are shown in 
Figure 3a. Interestingly, although both EPC-hTERT-p53 R273H -POSTN 
and EPC-hTERT-p53 vl43A -POSTN cells show increased invasion in 
Boyden Transwell invasion assays compared with their respective 
empty vector control cells, EPC-hTERT-p53 R273H -neo and 
EPC-hTERT-p53 vl43A -neo, there was a significant increase in 
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Figure 1. Inducible knockdown of POSTN in ESCC tumors lead to decreased tumor growth and invasion, (a) Representative images of 
knockdown of POSTN expression by immunohistochemistry in tumors formed in vivo by TE-1 1 cancer cells stably transfected with lentiviral 
doxycycline-inducible non-specific targeting shRNA (shNS) or shRNA specific to POSTN (shPOSTN) vectors. Left panels represent tumors that 
were not induced with doxycycline (DOX) and right panels represent confirmation of POSTN knockdown in tumors induced with doxycycline 
(2jig/ml). Bars = 100|aM. (b) Representative images of knockdown of POSTN expression by immunohistochemistry in tumors formed in vivo 
by HCE4 cancer cells stably transfected with lentiviral doxycycline-inducible non-specific targeting shRNA (shNS) or shRNA specific to POSTN 
(shPOSTN) vectors. Left panels represent tumors that were not induced with doxycycline and right panels represent confirmation of POSTN 
knockdown in tumors induced with doxycycline(2 jig/ml). Bars = 100jim. (c) Tumor formation of TE-1 1 cancer cells stably transfected with 
doxycycline-inducible shNS or shPOSTN [n = 10 in each cell line). Cells were subcutaneously injected in lower left flank of NOD-SCID mice, 
and tumor growth was measured at indicated time points. Doxycycline (2jag/ml) was administered daily after tumors reached 200 mm 3 
{n = 5 in the treatment group) to induce POSTN knockdown. Error bars represent s.e.m. *P<0.05 (Student's f-test). (d) Tumor formation of 
HCE4 cancer cells stably transfected with doxycycline-inducible shNS or shPOSTN (n = 10 in each cell line). Cells were subcutaneously 
injected in lower left flank of NOD-SCID mice, and tumor growth was measured at indicated time points. Doxycycline (2jag/ml) was 
administered daily after tumors reached 200 mm 3 {n = 5 in the treatment group) to induce POSTN knockdown. Error bars represent s.e.m. 
**P<0.01 (Student's f-test). 



invasion in the EPC-hTERT-p53 vl 43 -POSTN cells compared with 
EPC-hTERT-p53 R273H -POSTN cells (Figure 3b). This increase in 
invasion is similar to what was observed in EPC-hTERT-p53 R175H 
-POSTN cells. This suggests that the mutation inducing the global 
conformational change in the p53 DBD may have an important 
role in regulating the invasive capabilities of POSTN. 

We decided to interrogate this further by assessing whether the 
induction of wild-type p53 conformation and signaling can affect 
the ability of EPC-hTERT-p53 vl43A -POSTN to invade. As demon- 
strated in Figure 3c, a similar increase in invasion of EPC-hTERT- 
p53 v143A -POSTN cells as seen in Figure 3b at 37 °C; however, 
induction of wild-type p53 conformation at 32 °C in EPC-hTERT- 
p53 v143A -POSTN cells showed no increase in invasion compared 
with its empty vector control cells. To assess whether invasion can 
be affected pharmacologically by restoring wild-type p53 signal- 
ing, we utilized 5-iminodaunorubicin (5-ID), a small molecule 
compound which has been established previously to restore wild- 
type 53 signaling such as apoptosis and cell-cycle arrest via 
induction of p21. 24 Treatment of EPC-hTERT-p53 R1 -POSTN cells 
with 5-ID showed a decrease in POSTN expression in a dose- 
dependent manner (Figure 3d). In addition, treatment of EPC- 
hTERT-p53 R175H -POSTN cells with 5-ID at a concentration with 
minimal toxicity to the cells, showed a decrease in invasion 
(Figure 3e) as well as a significant reduction in invasion into the 
ECM when grown in organotypic culture (Figure 3f). POSTN 
secretion into the conditioned media harvested from organotypic 
culture was also diminished with treatment of 5-ID 
(Supplementary Figure S3). In aggregate, these results indicate 



that mutant p53 contribute to POSTN-mediated invasion into the 
underlying ECM. 



Esophageal cells with mutant p53 R175H and POSTN reveal 
upregulation of STAT1 network and STAT1 -dependent target 
genes 

Based on the above findings, we next performed gene 
expression profiling using mRNA obtained from EPC-hTERT- 
p53 R1 75H -POSTN, EPC-hTERT-p53 R1 75H -neo and parental 
EPC-hTERT cells grown in organotypic culture (Figure 4a). 
Unsupervised hierarchical clustering led us to identify 779 
genes, which showed a significant, differential expression in 
EPC-hTERT-p53 R175H -POSTN cells compared with empty vector 
control and parental cells (Figure 4b and Supplementary Table S1). 
To aid in our identification of key pathways important in POSTN 
invasion, we utilized Ingenuity Pathway Analysis software to 
analyze our gene expression profile data. The STAT1 signaling 
pathway was found to be the highest represented pathway 
using Ingenuity Pathway Analysis (Supplementary Figure S4 and 
Supplementary Table S2). We confirmed the results of the 
microarray using quantitative reverse transcriptase-PCR 
validation of STAT1 and downstream ST AT1 -dependent 
target genes (IFI6, DUOXA2, IDO 1, IL-12, SERPINA3, CXCL5), 
observing upregulation of ST AT1 -dependent genes (Figure 4c). 
Furthermore, western blot analysis shows that STAT1 phosphory- 
lation (Tyr701) is seen only in EPC-hTERT-p53 R175H -POSTN 
cells compared with its empty vector control cells and 
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Figure 2. POSTN cooperates with mutant p53 R175H to promote invasion into the mesenchymal ECM. (a) Western blot confirming POSTN 
(90kDa) overexpression in EPC-hTERT-EGFR and EPC-hTERT-p53 R175H cell lines and conditioned media. pFB neo was used as an empty control 
vector. p-Actin was used as a loading control, (b) Transwell Boyden chamber invasion assay of EPC-hTERT-EGFR and EPC-hTERT-p53 R175H cells 
that overexpress POSTN vs control EPC-hTERT-EGFR-zeo-neo and EPC-hTERT-p53 R175H -neo cells. EPC-hTERT-p53 R175H -POSTN cells show 
increased invasion compared with EPC-hTERT-EGFR-POSTN cells and control cell lines. Bar graphs represent fold changes ± s.e.m. *P<0.01 
(Student's f-test, EPC-hTERT-p53 R175H -POSTN cells vs control cells). Note that P<0.05 is statistically significant. Experiments were done in 
triplicate, (c) Hematoxylin and eosin staining of organotypic cultures comparing EPC-hTERT-EGFR and EPC-hTERT-p53 R175H cells that 
overexpress POSTN vs control EPC-hTERT-EGFR-zeo-neo and EPC2-hTERT-p53 R175H -neo cells. EPC-hTERT-p53 R175H -POSTN cells show increased 
invasion into the underlying ECM compared with EPC-hTERT-EGFR-POSTN cells and control cell lines. Bar graphs represent fold 
changes ± s.e.m. *P<0.01 (Student's f-test, EPC-hTERT-p53 R175H -POSTN cells vs control cells). Note that P<0.05 is statistically significant. 
Experiments were done in duplicate. Bar =100 jam. 



EPC-hTERT-EGFR-POSTN cells, indicating that STAT1 activation is 
induced in the context of p53 mutation and POSTN 
(Supplementary Figure S5). 



STAT1 knockdown in invasive EPC-hTERT-p53 R175H -POSTN and 
transformed EPC-hTERT-EGFR-p53 R175H cells show decrease in 
invasion 

To test whether STAT1 functionally affects invasion of invasive 
esophageal cells overexpressing POSTN (EPC-hTERT-EGFR- 
p53 Ri7sti and E pc-hTERT-p53 R175H -POSTN), an RNA interference 
approach using two independent shRNAs to transduce stable 
knockdown of STAT 1 in invasive EPC-hTERT-p53 R175H -POSTN cells 
and in transformed, genetically engineered EPC-hTERT-EGFR- 
p53 Ri75H ceNs was used ( Fjgure 5a ) Knockdown of STAT 1 in both 

cell lines showed a modest, yet significant, decrease in invasion in 
Transwell Boyden invasion assays compared with their respective 
empty vector controls (Figure 5b). Moreover, when grown in 
organotypic culture, both cell lines with knockdown of STAT1 



display showed greater reduction in invasion into the stroma as 
well as a decrease in expression of downstream effectors of STAT1 
signaling (Figures 5c and d, Supplementary Figure S6). 

In line with these results, we next sought to extend these 
findings to a cohort of matched human primary ESCC tumor gene 
expression data set 25 and analyzed STAT1 expression in this tumor 
gene expression data set compared with their corresponding 
adjacent normal tissues. STAT1 expression was found to be 
significantly elevated in ESCC tumors compared with their 
adjacent normal tissue (Supplementary Figure S7). Overall, these 
data demonstrate that STAT1 overexpression is associated with 
primary ESCC development and that STAT1 has a role in mediating 
invasion in the ESCC microenvironment. 



Inducible knockdown of POSTN in ESCC xenograft tumors display 
decreased p53 expression and STAT1 activation 

To investigate the relationship between POSTN and STAT1 
activation in vivo, sections from subcutaneous ESCC xenograft 
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Figure 3. Restoration of wild-type p53 signaling decreases POSTN expression and invasion into ECM. (a) Western blot confirming POSTN 
expression in EPC-hTERT-p53 and EPC-hTERT-p53 v143A cell lines and conditioned media. pFB neo was used as an empty control vector, 
(b) Transwell Boyden Chamber invasion assay showing increase in invasion in EPC-hTERT- p53 R273H and mutant p53 temperature-sensitive 
EPC-hTERT- p53 v143A cells overexpressing POSTN compared with control neo cells. Bar graphs represent fold changes ± s.e.m. *P<0.003 
(Student's f-test, EPC-hTERT-p53 v143A -POSTN cells vs control cells). Note that P<0.05 is statistically significant. Experiments were done in 
triplicate, (c) Transwell Boyden Chamber invasion assay shows decrease in invasion in EPC-hTERT- p53 3A -POSTN cells when wild-type p53 
conformation is induced at permissive temperature 32 °C compared with mutant p53 conformation at 37 °C. Bar graphs represent fold 
changes ± s.e.m. *P<0.003 (Student's f-test, EPC-hTERT-p53 v143A -POSTN cells vs control cells at 37 °C). Experiments were done in triplicate, 
(d) Western blot analysis of POSTN expression in EPC-hTERT- p53 R175H -POSTN and EPC-hTERT- p53 R175 -neo cell lysates and conditioned 
media after 24 h treatment with 5-ID (Vehicle, 0.5jaM, 1 jxm and 5jim). Immunoblotting for p21 to indicate restoration of wild-type p53 
signaling. GAPDH was used as a loading control, (e) Transwell Boyden Chamber invasion assay shows decrease in invasion in EPC-hTERT- 
p53 R1 75 -POSTN cells after 24 h treatment of 5-ID (3|im). Bar graphs represent fold changes. Experiments were done in triplicate, 
(f) Hematoxylin and eosin staining of organotypic cultures comparing EPC-hTERT- p53 R175H -POSTN cells treated with vehicle and 5-ID 
(3 jj,m) and show decreased invasion into the ECM after treatment. Bar graphs represent fold changes. Bar= 100jaM and represent ± s.e.m. *P<0.04 
(Student's f-test, EPC-hTERT-p53 R175H -POSTN cells, treated with 5-ID vs vehicle-treated cells). Experiments were performed in triplicate. 



tumors (Figures 1a and b) were examined for phospho-STAT1 
(Tyr701) by immunohistochemistry. Interestingly, we observed 
decreased nuclear STAT1 phosphorylation both in ESCC xenograft 
tumor cells and stroma with induction of POSTN knockdown by 
doxycycline (Figures 6a and b). Additionally, lysates from these 
xenograft tumors were analyzed, and we noted that POSTN 
knockdown in these tumors resulted in decreased STAT1 
expression, a concomitant decrease in p53 expression as well as 
a decrease in downstream STAT 1 -related genes (Figures 6c and d; 
Supplementary Figure S8). Collectively, as observed in vitro, these 
findings imply that POSTN indirectly cooperates with mutant p53 
to mediate STAT1 activation in vivo. 



DISCUSSION 

Recent findings have provided mounting evidence for the 
importance of POSTN in tumor invasion, tumor cell dissemination 
as well as creating a supportive environment for metastatic 
colonization. 26-28 However, the molecular mechanisms engaged 
by POSTN to foster invasion in the tumor microenvironment 
remain poorly understood. In this study, we demonstrate that 
POSTN cooperates with mutant p53 in immortalized primary 
esophageal cells to promote invasion into the underlying ECM. 
Our finding that the propensity for POSTN to invade is mediated 
by mutant p53 R175H , a p53 DBD conformational mutant found in 



approximately 6% of human cancers, 29 prompted us to test 
whether this phenotype is recapitulated with other p53 missense 
mutations. Intriguingly, we observe that POSTN drives invasion to 
a greater extent when expressed in context of a p53 DBD 
conformational mutant compared with a p53 DNA-contact 
mutant, raising the possibility that the dominant-negative 
ability of p53 conformational mutants to suppress wild-type 
p53 activities influences the degree of invasion mediated 
by POSTN. 

Due to the high prevalence of p53 mutations in human cancers, 
there has been an accelerated interest towards development of 
therapeutics focused on restoration of wild-type p53 function in 
tumors. 30 Small molecule screens have identified promising small 
molecule compounds that selectively target and stabilize the core 
DBD of mutant p53 in tumor cells and restores wild-type p53 
activities such as apoptosis and proliferation in Wfro. 24,31,32 
Interestingly, a recent study demonstrated the therapeutic 
efficacy of restoring wild-type p53 in p53 R172H mice, which 
corresponds to human p53 R175H , suggesting that the removal of 
mutant p53 dominant-negative effect on functional wild-type p53 
can halt tumor growth and subsequent tumor invasion. 33 Using a 
combination of genetic and pharmacological approaches to 
restore wild-type p53 activities in invasive cells overexpressing 
mutant p53, our results of decreased cell motility and invasion are 
novel. It also establishes for the first time, to our knowledge, that 
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Figure 4. Esophageal cells with mutant p53 and POSTN reveal activation of the STAT1 signaling pathway, (a) Venn diagram displaying the 
number of genes with significant differential expression between the compared groups. Gene expression data were generated with RNA 
isolated from dissected epithelia of EPC-hTERT-p53 R175H -POSTN cells grown in organotypic culture (n = 3) compared with EPC-hTERT- 
p53 R175H -neo cells (n = 3) as well as parental non-invading EPC-hTERT cells (n = 3). The blue circle (gene lists hTERTand p53 R175H ) represents 
genes differentially expressed between EPC-hTERT and EPC-hTERT-p53 R175H -neo (3121). The red circle (gene lists p53 R175H and POSTN) 
represents genes differentially expressed between EPC-hTERT-p53 R175H -neo and EPC-hTERT-p53 R175H -POSTN (1808). (P< 0.001). (b) Heatmap 
of gene expression data presented in Venn diagram. Expression is based on a log 2 scale where red represents upregulation and green 
represents downregulation. Expression patterns of POSTN not hTERTor p53 R175H (779) are specific to expression of POSTN. (c) Quantitative 
reverse transcriptase-PCR validation of relative mRNA expression of uprequlated STAT1 -related genes {ST ATI, DUOXA2, ID01, IL-12, CXCL5, IFI6) 
and downregulated gene [SerpinA3) in microarray in EPC-hTERT-p53 R1 -POSTN cells compared with EPC-hTERT-p53 R175H -neo cells. Bar 
graphs represent fold changes ± s.e.m. *P<0.05. Experiments performed in triplicate. CXCL, C-X-C motif chemokine ligand; IL, interleukin; 
IDO, indoleamine 2,3-dioxygenase; IL-12, interleukin-12. 



modulation of mutant p53 affects the expression of POSTN as well 
as its invasive capabilities. 

Progression of neoplastic cells in epithelial tissues to advanced 
malignancy encompasses a variety of biological processes that 
lead to an acquisition of a pro-invasive, mesenchymal pheno- 
type. 34 Initiation of local invasion and dissemination of aggressive 
carcinomas is often characterized by alterations in cell adhesion 
molecules that affect cell-cell/cell-matrix interactions and can 
occur as a result of crosstalk between malignant tumor cells and 
various components of surrounding neoplastic stroma such as the 
ECM, inflammatory and endothelial cells and fibroblasts. 35 
Secreted by tumor cells and stromal components into the 
stroma, it has been posited that matricellular proteins function 
to remodel the ECM and initiate downstream intracellular 
pathways such as integrin and tyrosine kinase receptor signaling 
that stimulate invasive behavior. 36 In general, assorted 
extracellular matrices and molecules (normal vs tumor 
associated) have been shown to impart adverse functional 
effects on cancer cells in vitro. 37 POSTN overexpression in 
clinical samples of several cancers, including oral squamous 



carcinoma, neuroblastoma, breast and non-small cell lung cancer 
has been found to be associated with higher malignancy grades 
and increased propensity for metastastic growth. 38-40 Our finding 
of increasingly intense POSTN expression correlating with 
neoplastic tissue 22 and invasive ESCC tumors in a genetic mouse 
model for ESCC strongly suggests that POSTN has a key role with 
invasion and progression of ESCC. 

Moreover, POSTN has been reported to enhance metastatic 
initiation in the 'pre-metastatic niche' by regulating the main- 
tenance of Wnt signaling in cancer stem cells 28 In our study, 
another pathway network activated by POSTN signaling is STAT1. 
Phosphorylation of STAT1 at Tyr701 is induced by the binding of 
either Type I or Type II interferons to receptors that lead to the 
subsequent activation of Janus-activated kinases. Upon activation, 
phosphorylated STAT1 form homodimers that are translocated 
into the nucleus to initiate transcription of interferon-stimulated 
genes. As interferon-stimulated genes are primarily involved in 
promoting immune anti-pathogenic functions, induction of 
apoptosis and suppression of cell proliferation; 41 STAT1 signaling 
is generally regarded as a tumor-suppressive pathway. However, 
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Figure 5. STAT1 knockdown in EPC-hTERT-p53 R1 -POSTN and transformed EPC-hTERT-EGFR-p53 cells show decrease in invasion, 
(a) Western blot confirming knockdown total STAT1 and STAT1 phosphorylation in invasive EPC-hTERT-p53 R175H -POSTN and in transformed, 
genetically engineered EPC-hTERT-EGFR-p53 R175H cells using two independent shRNAs directed against STAT1 and non-specific shRNAs as 
controls (A and B represent independently generated cell lines with the same genotype). GAPDH was used as a loading control, (b) Transwell 
Boyden Chamber invasion assay of EPC-hTERT-p53 R175H -POSTN-shSTAT1-A and -B and EPC-hTERT-EGFR-p53 R175H -shSTAT1-A and -B cells 
compared with control EPC-hTERT-p53 R175H -POSTN-shNS-A and -B and EPC-hTERT-EGFR-p53 R175H -shNS-A and -B cells. Bar graphs represent 
fold changes ± s.e.m. *P<0.04 and 0.02 (Student's f-test, EPC-hTERT-EGFR-p53 R175H -shSTATI -A and -B cells vs control shNS-A and -B cells) and 
**P<0.001 (Student's f-test, EPC-hTERT-p53 R175H -POSTN-shSTAT1-A and -B cells vs control shNS-A and -B cells). Experiments performed in 
triplicate, (c) Hematoxylin and eosin (H&E) staining of organotypic cultures comparing STAT1 knockdown in EPC-hTERT-p53 R175H -POSTN- 
shSTAT1-A and -B compared with shNS-A and -B controls. Bar graphs represent fold changes ± s.e.m. *P<0.01 and 0.02 (Student's f-test, 
EPC-hTERT-p53 R175H -POSTN-shSTAT1-A and -B cells vs control shNS-A and -B cells). Experiments done in triplicate, (d) H&E staining of 
organotypic cultures comparing STAT1 knockdown in EPC-hTERT-EGFR-p53 R175H -shSTAT1-A and -B compared with shNS-A and -B controls. Bar 
graphs represent fold changes ± s.e.m. *P<0.004, **P<0.005 (Student's f-test, EPC-hTERT-EGFR-p53 R 75H -shSTAT1-A and -B cells vs control 
shNS-A and -B cells). Experiments done in triplicate. 



recent data have shown that constitutively activated STAT1 
signaling is implicated in epithelial cancer invasion and in 
aggressive tumors, with emerging evidence that increased 
STAT1 signaling can cause upregulation of genes that promote 
resistance to genotoxic and cytotoxic stress and subsequent 
tumor growth during tumor development. 41-44 Thus, these studies 
suggest that induction of STAT1 and upregulation of STAT1- 
dependent genes provide tumor cells a selective radioresistant 



advantage in a cytotoxic tumor microenvironment. In line with 
these observations, our study showed that knockdown of STAT1 in 
invasive as well as in transformed esophageal keratinocytes 
attenuated invasion into the stroma. Therefore, the contribution of 
POSTN-dependent STAT1 signaling has a key role in mediating 
invasion into the ECM. Notably, we found that STAT1 is strongly 
expressed in a cohort of primary human ESCC tumors compared 
with matched normal tissue, supporting our premise that STAT1 
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Figure 6. Inducible knockdown of POSTN in ESCC xenograft tumors display decreased p53 expression and STAT1 activation, (a) Phospho- 
STAT1(Tyr701) expression by immunohistochemistry of tumors formed in vivo by subcutaneous injection of HCE4 cancer cells stably 
transfected with either lentiviral doxycycline-inducible non-specific targeting shRNA (shNS) or shRNA specific to periostin (shPOSTN) vectors. 
Left panels represent tumors that were not induced with doxycycline (DOX), and right panels represent tumors induced with doxycycline. 
Bar= 100um. (b) Phospho-STAT1 (Tyr701) expression by immunohistochemistry of tumors formed in vivo by subcutaneous injection of TE-11 
cancer cells stably transfected with either lentiviral doxycycline-inducible non-specific targeting shRNA (shNS) or shRNA specific to periostin 
(shPOSTN) vectors. Left panels represent tumors that were not induced with doxycycline, and right panels represent tumors induced with 
doxycycline. Bar= 100 um. (c) Western blot analysis of STAT1 and p53 expression in four pairs of lysates isolated from HCE4 xenograft tumors 
transduced with doxycycline-inducible non-specific targeting shRNA (shNS) or shRNA specific to periostin (shPOSTN) with or without 
doxycycline treatment. Immunoblotting for POSTN expression to confirm doxycycline induced knockdown. GAPDH was used as a loading 
control, (d) Western blot analysis of STAT1 and p53 expression in four pairs of lysates isolated from TE-1 1 xenograft tumors transduced with 
doxycycline-inducible non-specific targeting shRNA (shNS) or shRNA specific to periostin (shPOSTN) with or without doxycycline treatment. 
Immunoblotting for POSTN expression to confirm doxycycline induced knockdown. GAPDH was used as a loading control. 



fosters invasiveness of ESCC tumors. Interestingly, the STAT1- 
dependent target genes that show the highest upregulation 
(/D0 7, DUOX2) in our study are genes that have previously been 
shown to contribute to a pro-inflammatory microenvironment 
that promotes cancer progression, 45,46 which suggests that the 
activation of the STAT1 pathway may be an important mediator in 
contributing to a microenvironment that is conducive for tumor 
development. 

In summary, our mechanistic findings support the functional 
role of POSTN in facilitating invasion. We demonstrated the novel 
finding that POSTN mediates its invasive capabilities through 
cooperation with mutant p53 R175H . Furthermore, we identified 
that a STAT1 network acts as an effector of POSTN-mediated 
tumor invasion as underscored by knockdown of STAT1 . POSTN 
appears to be critical in tumor invasion through remodeling of the 
ECM, and this may be aided, in part, by pro-inflammatory STAT1- 
dependent resistance against cytotoxic stress (Supplementary 
Figure S9). This likely creates a niche in the tumor microenviron- 
ment that poises tumor cells to metastasize. Indeed, we have 



observed that knockdown of POSTN in ESCC tumor xenografts 
leads to a significant decrease in the tumor-initiating cell 
(CD44 hi CD24'°) population (Supplementary Figure S10). The 
induction of STAT1 and its effectors represents a novel mechanism 
of action for POSTN to facilitate tumor invasion. These findings 
represent a platform to explore how POSTN may be exploited as a 
biomarker for early detection of disease and molecular therapeu- 
tics to combat intrinsic tumor radioresistance. 



MATERIALS AND METHODS 

Cell culture 

Stable transduction of transformed EPC-hTERT cells with EGFR and 
p53 R175H retroviral vectors is described previously in Okawa et al. 47 All 
cells were maintained in keratinocyte serum-free medium (SFM) medium 
(KSFM) (Invitrogen, Carlsbad, CA, USA) supplemented with 40mg/ml BPE 
(bovine pituitary extract), I.Ong/ml EGF, 100U/ml penicillin and 100mg/ml 
streptomycin (Full KSFM). Cells were grown at 37 °C in a 5% C0 2 humidified 
incubator. For inhibitor studies, 5-ID (3(im) was added to medium. 
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Genetic knockdown and overexpression studies 
Stable transduction of primary esophageal epithelial cells with viral vectors 
is described previously. 19 p53 R273H and p53 v143A was subcloned into the 
pBABE-puro retroviral vector. The R273H p53 mutant was prepared using 
QuikChange site mutagenesis kit (Agilent Technologies, Redwood, CA, 
USA) according to the manufacturer's instructions. The primers used for 
R273H p53 mutation is as follows: Sense S'-GCTTTGAGGTGCATGTTTGTGC 
CACG-3' and antisense S'-CGTGGGCACAAACATGCACCTCAAAGC-S'. All 
subclones and mutations were verified through DNA sequencing. For 
POSTN overexpression studies, esophageal epithelial cells were retrovirally 
infected with pFB-POSTN and pFB-neo. For inducible POSTN knockdown 
studies, ESCC cells were stably transfected with human tetracycline- 
inducible lentiviral pTRIPz-shRNAmir against POSTN or control lentiviral 
pTRIPz-shscramble virus. For STAT1 knockdown studies, esophageal 
epithelial cells were infected with human lentiviral shRNAmir against 
STAT1, nonsilencing control shRNAmir lentiviral vector, retroviral pSIREN- 
DsRed-shRNA against STAT1 or control retroviral non-specific control 
pSIREN-DsRed virus, all of which were kindly provided by Dr Andy Minn 
(University of Pennsylvania, Philadelphia, PA, USA). Forty-eight hours after 
infection, cells were selected in 300|ig/ml G418 (shscramble/shSTATI), 
0.5|ig/ml puromycin (p53 R273H/p53 V143A, shcramble/shPOSTN) for 5 
days or by flow cytometry cell sorting for DsRed (shscramble/shSTATI) 
FACSVantage SE with FACSDiva Option (BD Biosciences, San Jose, CA, USA). 
Expression of mutant p53 and POSTN and knockdown of STAT1 was 
confirmed by western blot. 

Organotypic culture 

Esophageal keratinocytes were grown in organotypic culture as means of 
recreating their microenvironment by supplying ECM components such as 
collagen and laminin, as previously described. 47 For inhibitor studies, 5-ID 
(3 \im) was added to organotypic culture media. The amount of invasion 
was determined as described previously. 48 Esophageal epithelium from 
organotypic cultures was peeled off and snap-frozen in liquid nitrogen 
before storage at - 80 °C. 

Antibodies and inhibitors 

The following antibodies were used for immunoblotting: rabbit polyclonal 
POSTN (Abeam, Cambridge, UK, ab 14041), p21 (Oncogene Research 
Products, La Jolla, CA, USA), STAT1 (Cell Signaling, Danvers, MA, USA), 
N-Cadherin (BD Biosciences), E-Cadherin (BD Biosciences), a-SMA (Sigma, 
St Louis, MO, USA), ZEB1 (Cell Signaling), (3-actin (Sigma) and GAPDH 
(glyceraldehyde 3-phosphate dehydrogenase; Millipore, Billerica, MA, USA) 
were used as loading controls. For immunohistochemistry, rabbit 
polyclonal POSTN (Abeam, ab 14041) and rabbit monoclonal phospho- 
STAT1 (Tyr701; Cell Signaling) were used. For inhibitor studies, 5-ID (kind 
gift of Dr El-Deiry) was dissolved in dimethyl sulfoxide at 20 mivi and diluted 
before use. 

RNA isolation, amplification and microarray studies 
Total RNA was isolated using RNeasy Mini Kit (Qiagen, Hilden, Germany) 
and cDNA was synthesized using Taqman Reverse Transcription Reagents 
kit (Applied Biosystems, Foster City, CA, USA) according to the 
manufacturer's instructions. For microarray studies, total RNA isolated 
from peeled epithelia from organotypic culture was amplified using 
lllumina Total Prep RNA Amplification Kit (Ambion, Carlsbad, CA, USA); 
500 ng total RNA was used for the synthesis of cDNA and followed by 
amplification and biotin labeling. Each of 1.5 [ig biotinylated cRNAs was 
hybridized to llumina Human-6 BeadChip v.4 and signals were developed 
using Amersham fluorolink streptavidin-Cy3 (GE Healthcare Biosciences, 
Little chalfont, UK). Gene expression data were collected using an lllumina 
bead Array Reader confocal scanner (BeadStation 500GXDW; lllumina, San 
Diego, CA, USA). Gene array data analysis was performed using lllumina 
BeadStudio software. 

Quantitative reverse transcriptase-PCR 

Gene-specific primers for SYBR Green real-time PCR was designed by 
PrimerExpress software (Applied Biosystems) and synthesized by Inte- 
grated DNA Technologies, Coralville, IL, USA (rimer sequences in 
Supplementary Table 3). Real-time PCR was performed and analyzed 
using ABI PRISM 7000 sequence detection system software (PE Applied 
Biosystems) and using Power SYBR Green PCR Master Mix (PE Applied 
Biosystems) according to the manufacturer's instructions. Supplementary 



Table 3 lists Taqman Expression Assays (Applied Biosystems) used. Relative 
mRNA expression was determined by normalizing to p-actin expression, 
which served as an internal control. Assays were performed three times in 
triplicate. 

Western blotting 

To confirm protein expression in cell lysates and secreted POSTN 
expression in collected conditioned media, western blot analyses were 
performed as described previously. 19 

Invasion assays 

Invasion assays were performed as described previously. 19 All experiments 
were performed at least three times in triplicate. 

Immunohistochemistry 

Immunohistochemistry was performed using with the Vector Elite kit 
(Vector Laboratories, Burlingame, CA, USA) using the manufacturer's 
protocol; its detailed procedures are as previously described. 19 

Xenograft experiments 

Six- to 8-week-old female immunocompromised (NOD/SCID) mice (two 
groups per cell line, n = 10 each) were obtained from National Cancer 
Institute, (Frederick, MD, USA). The tumors were established by sub- 
cutaneous injection of 200 uJ (3 x 10 6 cells) of the cell suspension: Matrigel 
(1:1 ratio) into the lower left flank of the mice. Tumor dimensions were 
measured with calipers every 5 days and tumor volume was calculated 
using volume = (length) x (width) 2 /2. Doxycycline treatment was initiated 
3-4 weeks post cell injection when tumors were approximately 200 mm 3 . 
All animal studies were approved by the respective IACUC at the University 
of Pennsylvania. 

Statistical analysis of gene expression data 

All statistical analyses were performed using BRB Arraytools Version 3.6 
under the R language environment. The microarray data were normalized 
using the quantile normalization method in the Linear Models for 
Microarray Data package in the R language environment. The expression 
level of each gene was log 2 -transformed before further analysis. The 
random variance t test with very high stringent cutoff (P< 0.001) was used 
to identify the genes significantly different between the two groups when 
compared. The first variable indicates parental hTERT cells with P53 
mutation only and the second variable with P53 mutation only and P53 
mutation and POSTN expression. Canonical pathway analysis was 
performed by applying Fisher's exact test and using Ingenuity Pathway 
Analysis database. Primary microarray data are available in the National 
Center for Biotechnology Information Gene Expression Omnibus public 
database (microarray platform, GPL10558; microarray data, GSE48999). 
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